Early detection of Mycobacterium tuberculosis complex (MTBC) and markers conveying drug resistance can have a beneficial impact on preventive public health actions. We describe here a new molecular point-of-care (POC) system, the Genedrive, which is based on simple sample preparation combined with PCR to detect MTBC and simultaneously detect mutation markers in the rpoB gene directly from raw sputum sample. Hybridization probes were used to detect the presence of the key mutations in codons 516, 526, and 531 of the rpoB gene. The sensitivities for MTBC and rpoB detection from sputum samples were assessed using model samples spiked with known numbers of bacteria prepared from liquid cultures of M. tuberculosis. The overall sensitivities were 90.8% (95% confidence interval [CI], 81, 96.5) for MTBC detection and 72.3% (95% CI, 59.8, 82.7) for rpoB detection. For samples containing >1,000 CFU/ml, the sensitivities were 100% for MTBC and 85.7% for rpoB detection, while for samples containing <100 CFU/ml, the sensitivities were 86.4% and 65.9% for MTBC and rpoB detection, respectively. The specificity was shown to be 100% (95% CI, 83.2, 100) for MTBC and rpoB. The clinical sputum samples were processed using the same protocol and showed good concordance with the data generated from the model. Tuberculosis-infected subjects with smear samples assessed as scanty or negative were detectable by the Genedrive system. In these paucibacillary patients, the performance of the Genedrive system was comparable to that of the GeneXpert assay. The characteristics of the Genedrive platform make it particularly useful for detecting MTBC and rifampin resistance in low-resource settings and for reducing the burden of tuberculosis disease.
N
early one-third of the global population is believed to be infected with a member of the Mycobacterium tuberculosis complex (MTBC). It is estimated that as many as 8 million new cases of tuberculosis (TB) occur annually, leading to up to 1.5 million deaths (1) . Health actions that are critically important for treating and preventing the spread of TB have focused on downstream factors, such as reducing the underlying causes of poverty or lowering the incidence of the progenitors of coinfection, such as infection by human immunodeficiency virus (HIV) (2) , and on upstream factors, such as the early identification of infected patients (3) and the availability of effective drug therapies (4) . It has been reported in studies from HIV-positive cohorts that the mortality rates are particularly high for patients presenting with smear-negative sputum (5) . This has also been shown in samples containing MTBC strains that are resistant to rifampin (RIF), one of the most widely used front-line antibiotics, along with isoniazid.
Diagnosing infected individuals represents a vital part of TB control. Before infection can be treated efficiently, an accurate and timely diagnosis is required, preferably at the point of care (POC) using tools that are field friendly. The World Health Organization (WHO) has set guidelines for what a POC TB test should provide (1) . The WHO reports that for any TB program, there is a significant proportion of patients in high-burden settings who fail to return to collect their smear microscopy result. There is a clear and present need to provide rapid screening tools that enable the clinician to place patients on the appropriate therapies. Although the definition of POC has become contentious, it should at least encompass the concept of diagnosis at the point where a patient presents himself or herself to the clinician, thus enabling the result to be translated into an appropriate and timely treatment (6) .
The Genedrive system (Epistem, United Kingdom) provides POC detection of MTBC directly from sputum samples, and it simultaneously identifies mutations involved in conferring RIF resistance. The system uses a simple paper-based extraction method coupled with an asymmetric PCR and proprietary hybridization probe technology (Highlighter Probes) that provides genotypic information. The composite paper is chemically treated to enable the extraction of nucleic acids from bacteria and simultaneously decontaminate the sample. Lyophilized PCR reagents are provided that are stable at ambient temperatures, removing the need for cold chain storage. The assay targets specific sequences in the MTBC genomes and has a broad detection profile covering clinically relevant strains and subtypes; these include M. tuberculosis, Mycobacterium bovis, and Mycobacterium africanum, as all three species are clinically significant human pathogens (7, 8) . Two regions of the MTBC genomes are targeted: a short repetitive region, REP13E12 (9, 10) , and an 81-bp core region of rpoB, which encodes the ␤-subunit of RNA polymerase. Ninety-six percent of rifampin-resistant clinical isolates of M. tuberculosis have mutations in the rpoB gene within this 81-bp core region. Hybridization probes based on a proprie-tary chemistry were shown to report the presence of the key mutations in codons 516, 526, and 531, which were previously shown to occur at a high frequency (11) .
The data obtained from spiked sputum models and clinical sputum samples demonstrate the effectiveness of a simple workflow in processing and diagnosing the presence of MTBC. Further, the same process provided a sensitive analysis of complex genotyping information around the RIF status of MTBC from both smear-positive and smear-negative patients. The limit of detection (LOD), accuracy, and reproducibility of the Genedrive system for both MTBC and RIF resistance were determined. Comparisons were made with the GeneXpert assay (Cepheid, Inc., USA), a laboratory-based instrument targeting the same organisms and resistance markers (12) .
MATERIALS AND METHODS
Sputum collection and characterization. Primary isolation and culturing of M. tuberculosis isolates from sputum specimens was done using standardized culture procedures (13) . All isolates used in this study were collected from patients infected with M. tuberculosis and referred to the Mycobacteriology Laboratory of Hospital Carlos III and/or the Microbiology Service of Hospital La Paz (Madrid, Spain). MTBC was detected using conventional acid-fast stain microscopy and confirmed by the GenoType Mycobacterium CM system (Hain Diagnostics, Germany). Drug susceptibility tests for RIF were performed using the MTBDRplus system (Hain Diagnostics), and standard antibiogram methods in liquid culture were performed using MGIT 960 (Becton, Dickinson, Sparks, MD, USA). The critical concentration of RIF used in this study was 1 g/ml, and the instrument was set to perform the final interpretation of data, automatically reporting the susceptibility results (14) .
Preparation of sputum samples spiked with known loads of mycobacteria. Liquid cultures were grown on the MGIT 960 (Becton, Dickinson) according to the manufacturer's standard protocol. The cultures were incubated until the instrument automatically called a positive result; this has previously been characterized to approximate to an exponential growth phase equivalent to around 10 6 CFU/ml (Becton, Dickinson, personal communication). The concentration of M. tuberculosis was further confirmed to be 10 6 CFU/ml using quantitative PCR (qPCR). Primers targeting 16S ribosomal DNA (rDNA) were used to quantitate the number of bacteria according to previously published methods (15) . Samples that indicated discordant quantities by the cycle threshold (C T ) were discarded. Prior to dilution, the liquid cultures were processed in order to reduce the amount of bacterial clumping, which skews the number of CFU in the dilution series. Three successive rounds of vigorous vortexing was performed with 1.8-ml screw-top cryotubes containing 1 ml of the freshly positive culture. Each round of vortexing was performed for a minimum of 20 min using a benchtop vortex. After each round of vortexing, a Ziehl-Neelsen stain was performed in order to confirm the reduction in the size of the bacterial cords. The cords were observed at 40ϫ and 100ϫ magnification. After the three successive rounds of vortexing and final microscopy confirmation, a 10-fold serial dilution was prepared from 10 6 to 10 2 CFU/ml using ultrapure water as the diluent. Each of the samples in the dilution series was confirmed by 16S rDNA qPCR (15) using a StepOne real-time PCR instrument (Life Technologies, USA). Further confirmation was obtained using Lowenstein-Jensen solid culture medium. Each dilution from 10 0 to 10 Ϫ6 was plated and incubated for 2 weeks. Slant counts were used to correlate back to the original concentrations and fine-tune the final concentrations when required. Each of the dilution series was added into fresh smear-negative sputum to provide a model sample containing a known number of CFU.
To Semiquantification of clinical sputum samples using microscopy. Sputum samples were obtained from patients infected with M. tuberculosis and were used immediately or refrigerated (4°C) for Յ72 h. A standard microscopic Ziehl-Neelsen test was used to assess the smear status of the samples. Smear-negative samples were further assessed using 300 fields of view. Smear-positive samples for acid-fast bacilli were graded according to the WHO/International Union against Tuberculosis and Lung Disease Method and scored as scanty, 1ϩ, 2ϩ, or 3ϩ (16).
Processing of samples for the Genedrive system. The sample processing cassette from Epistem provides simultaneous sample decontamination and nucleic acid extraction directly from raw sputum samples. The extraction process consists of a filter paper that is functionalized with a proprietary organic moiety capable of penetrating and rupturing bacterial cell membranes. The cellular exudate is released and dries in a stable state on the paper. This is compatible with PCR analysis. Twenty microliters of the most purulent portion of a sputum sample was pipetted onto the paper and encapsulated within the plastic housing. The paper was allowed to air dry for 10 min at room temperature. A 1-mm sterile disposable biopsy punch (Miltex, NY, USA) was used to remove a disc from the cassette from each of the three marked locations, and each disc was added individually to each of the three sample positions of a Genedrive cartridge. The dynamics of decontamination and parallel nucleic acid isolation are currently being compiled for peer review publication and are not shown here.
Analysis using the Genedrive system. Cartridges were run on the Genedrive system using the following M. tuberculosis program: a 95°C/5 min isothermal step, followed by 45 cycles each of 95°C/9 s, 53°C/13 s, and 72°C/7 s. A melt curve analysis was performed from 40°C to 80°C (entire analysis time, 60 min). The melt curve analysis identifies the temperature at which each of the Highlighter Probes dissociates. The presence of mutations in the rpoB gene destabilizes the probe amplicon hybridization and results in a lower melting temperature. The results are automatically called on the device's display, indicating that the sample has no detectable M. tuberculosis (undetected) or is either a RIF-sensitive wild-type (detected sensitive) or a RIF-resistant (detected resistant) strain.
The performance was compared against laboratory-based StepOne qPCR equipment. Lyophilized reagents from the Genedrive cartridges were transferred into microtiter plates, and PCR with melt curve data using several sets of titrated M. tuberculosis cultures of known RIF status were obtained. The data provided 100% concordance with the same samples analyzed on the Genedrive system. Assessment of the Genedrive analytical limit of detection. The analytical limit of detection (LOD) for the Genedrive system was determined using an M. tuberculosis strain H37Rv genomic DNA standard (ATCC 25618). The standards were resuspended in ultrapure sterile Milli-Q water and quantified using a NanoDrop spectrophotometer (Thermo Fisher Scientific, USA). A serial dilution was prepared from 10 6 to 10 copies in ultrapure sterile Milli-Q water.
GeneXpert assay performance benchmarking in clinical sputum samples. The GeneXpert assay provides an automated laboratory-based diagnosis of MTBC from clinical sputum samples (17) and was used in this work to provide a standardized molecular diagnostic test with which to benchmark the performance of the Genedrive workflow. After removing 20 l of a clinical sputum sample for the Genedrive test, 1.5 ml of the remaining sputum sample was digested and decontaminated by the Nacetyl-L-cysteine/NaOH method according to the standard GeneXpert protocol (13). The decontaminated sample was then placed into the GeneXpert cartridge and processed according to the GeneXpert instructions for use. The cartridges were run and the results were collected.
Statistical analysis.
The standard deviation and coefficient of variation (CV) were calculated using Excel software (Microsoft Corp., Redmond, WA, USA). A chi-square test for linear trend was performed to analyze the smear-positive grade by microscopy against bacterial load by the GeneXpert assay using SPSS version 19 (Chicago, IL, USA). Significance was assigned at a P value of Ͻ0.05, and a 95% confidence interval (CI) was used.
Ethical approval for the study. This study was approved by the ethics committees of Hospital Carlos III and Hospital La Paz.
RESULTS

LOD of MTBC and rpoB mutation markers.
The Genedrive system amplifies MTBC and the core 81-bp region of rpoB. Both reactions were shown to have an analytical LOD (CI Ͼ 95%) that was capable of detecting 5 genomic DNA copies (Fig. 1) . The Highlighter Probe for each target was capable of generating a simple melt curve profile providing clear peaks for each of the amplicons at the LOD. No-template controls (NTCs) yielded a single peak in the internal inhibition control reaction, and no peaks were visible in the two test reactions (data not shown).
Sensitivity and specificity for MTBC and rpoB mutation marker detection using spiked sputum samples. A total of 85 sputum samples were spiked using known amounts of CFU obtained from liquid cultures. The overall sensitivity of the Genedrive system compared with culture was 90.8% (95% CI, 81, 96.5) for MTBC detection and 72.3% (95% CI, 59.8, 82.7) for rpoB detection. For samples containing Ն1,000 CFU/ml, the sensitivities were 100% for MTBC and 85.7% for rpoB detection, while for samples containing Յ100 CFU/ml, the sensitivities were 86.4% and 65.9% for MTBC and rpoB detection, respectively (Table 1) . In all cases, RIF susceptibility detection was concordant with the detection using genotypic and phenotypic methods. Eight samples were known RIF-resistant strains (six within the Ն1,000 CFU/ml group and two within the Յ100 CFU/ml group) which were correctly identified by the Genedrive system as RIF resistant. All 20 spiked sputum samples from bacteria and nontuberculous mycobacteria, as well as three samples corresponding to other mycobacteria from MTBC, were classified correctly by the Genedrive system (specificity, 100%; 95% CI, 83.2%, 100%).
The accuracy of the melting temperature for peaks reported by the Genedrive system for each of the targets is shown in Table 2 ; the data show the interval analysis for peaks corresponding to the internal inhibition control, MTBC, and rpoB. There was no overlapping of the peak intervals, including for the RIF-sensitive and RIF-resistant strains (Fig. 2) . A much larger study of rpoB mutations is being undertaken by the authors and will be presented in a future publication. GeneXpert assay performance benchmarking in clinical sputum samples. The performance of the Genedrive system was compared against that of the GeneXpert assay using clinical sputum samples. In order to know the performance of both assays for M. tuberculosis-infected subjects with a negative or scanty smear result, a group of patients who had recently initiated anti-TB treatment was included. The patients had been undergoing treatment for Յ2 weeks and as a result, the cultures were still positive. All patients were susceptible to RIF. The samples were assessed according to standard microscopy methods in order to obtain a smear status. A total of 31 fresh clinical sputum samples were processed, providing 24 smear-positive and 7 smear-negative samples, of which 3 were true negative samples and 4 were shown to have Յ2 bacilli per 300 optical fields. Figure 3 shows that 100% of the samples containing MTBC were correctly identified with the Genedrive system compared to 93.5% with the GeneXpert assay. The Genedrive system was able to correctly identify all samples with Յ2 bacilli per 300 fields of view. All assays correctly identified RIF susceptibility, with a sensitivity of 89.3% for the Genedrive system. As expected, a linear trend was observed between the results of bacterial load by the GeneXpert assay and the smear grade by microscopy (P ϭ 0.001).
DISCUSSION
Early and effective TB diagnosis is pivotal as a global strategy for controlling the spread of the disease. In recent years, the wider availability of molecular tests as in the laboratory has boosted the diagnosis rate of TB and will help limit the spread and the potential for this disease to become epidemic (1). We have described a new POC platform (Genedrive) and demonstrated its capability to process raw sputum samples, detect the presence of MTBC, and simultaneously genotype rpoB, a gene with mutations conferring resistance to rifampin.
The Genedrive workflow was shown to be effective, providing a simple and easy-to-use process comparable to those of standard staining and microscopy methods. Sputum is known to offer particular challenges to PCR in terms of the amount of inhibitors in the matrix. The paper-based processing of raw sputum offers a compelling workflow for diagnostics in the field, and this might be particularly compelling in low-resource settings (18, 19) . We have shown that the sample extraction process workflow is capable of processing the most purulent portion of sputum (the "core"), and this tended to generate the best PCR amplification profiles in comparison to samples taken from the more fluid peripheral parts of the sputum samples. However, other factors, such as the condition of the specimen (fresh versus frozen) or the specimen preparation (decontamination), were found to alter the performance of the Genedrive system to some degree (data not shown), as has been reported for the GeneXpert system (20) . An advantage of the sample processing workflow in the Genedrive instructions for use is the ability to use a small sample volume. This eliminates the requirement for pipetting a specific minimal volume of sputum in order to obtain an accurate measure; for example, the GeneXpert assay requires a minimum of 1 ml of sputum. This can be particularly advantageous in the field, where collecting sufficient sample volume from patients may represent an issue.
Spiked sputum samples were used as a model to predict the performance of the test using samples derived from liquid culture and titrated against known numbers of CFU spiked into sputum. A number of independent methods were used to assess the quantity of cells in the titration, and good concordance was obtained with each of the methods used. These samples provided a good assessment of sensitivity, showing that the best performance for the system was with samples bearing Ն1,000 CFU/ml. However, the system still showed a value of 86% in samples with Յ100 CFU/ml. Several studies have reported that the threshold for detecting bacilli using light microscopy is between 5,000 and 10,000 CFU/ml (21, 22) . Sputum samples that are smear positive and culture positive for TB correspond to patients that are highly contagious as a result of a high bacterial burden. In contrast, smearnegative/culture-positive sputum samples are found in paucibacillary patients, such as HIV-infected subjects, for whom the risk of contracting TB is higher than for other groups of individuals (1, 5) . According to our data, the Genedrive system is able to diagnose TB even in the group of smear-negative/culture-positive patients. These in vitro results were corroborated to some extent using clinical sputum samples from paucibacillary patients and demonstrates the capability of the Genedrive system to detect TB in these challenge samples.
Finally, we have found that the Genedrive system provides comparable performance to the GeneXpert assay, correctly identifying the presence of MTBC and rpoB mutations in the pool of clinical samples tested. In some instances, the Genedrive system identified samples that were missed by the GeneXpert. These are ultralow titer samples that were smear negative or contained Յ2 bacilli per 300 fields of view. Even though the Genedrive system failed to detect rpoB in a small number of samples, it correctly identified the MTBC target. This is because the RIF assay targets a single copy gene compared to the multicopy MTBC target (23) . The overall sensitivity for rpoB detection was comparable to that of the GeneXpert assay. However, all these data should be interpreted cautiously, for two reasons: first, we used raw sputum in the Genedrive assay, while in the GeneXpert assay, processed samples were employed, which can diminish its performance (20) ; second, the sample size was limited and it was a nonblinded study. A large field study will be conducted to confirm these data in the near future.
There is a need for better solutions to diagnose disease in the field, and this is particularly acute for the diagnosis of TB in lowresource settings. The data presented here demonstrate a workflow that is compatible with the POC and the specific challenges around the ease of use and the requirement for a simplified workflow that is compatible with low-resource settings. The effectiveness of these tools at the POC will not only facilitate early and appropriate therapy but also limit the impact of patient dropout, which is one of the most significant factors responsible for the spread of TB.
